A series of cyclic tests on unconfined beam-column connections with composite concrete materials are conducted. Cement is partially replaced by waste materials using two different percentages 15% and 20%. The proper percentage of cement replacement is found 15% for the Pulverized fuel ash, silica fume and iron fillings. Increasing the percentage to 20% tends to relatively decrease concrete compressive strength, weaken the joint and reduce its ductility.
Introduction
Many existing reinforced concrete (RC) buildings are vulnerable to earthquake loads due to insufficient shear reinforcement in beams and columns, widely spaced column ties, and little or no transverse reinforcement within beam-column joint regions. Beam-column connections play a key role in integrating a whole structural system, thus any shear failure in beam-column connections may contribute to the collapse of a building.
In order to assess the performance of unreinforced beam-column joints which do not have transverse reinforcement, considerable research has been carried out over the last four decades to investigate the behaviour and failure mechanisms of RC beam-to-column connections. Experimental tests have been conducted and analytical models have been developed to describe the response of beam-to-column connections in RC planar frames under cyclic loading.
The parameters affecting the shear strength in RC connections are limited to the following: concrete strength, joint aspect ratio, bond resistance, beam longitudinal reinforcement ratio, column axial load, the characteristics of transverse beams, slab effects and joint transverse reinforcement. Therefore, changing the concrete strength can change the type of failure in beam-column connections.
Alternative damage failure mechanisms that can be developed in connections are illustrated in the literature (Murad 2016) such as J-failure, BJ-failure etc. J-failure is joint shear failure where pure shear failure happens in the joint core without forming any plastic hinges in beams or columns as shown in Figure 1 . Joint shear failure is a brittle failure where failure happens under relatively small rotations and the strength represents the actual shear strength of joints. BJ-failure denotes the type of failure which initiates by yielding of beam longitudinal reinforcement followed by joint shear failure.
BJ failure mode is more ductile than J failure mode because of beam reinforcement yielding. Previous studies (Khedr et al. 1994) showed that the flexural strength and compressive strength of silica-fume concrete were significantly improved. They suggested an optimum content of silica fume between 15% and 20% at which maximum strengths were obtained. They also reported that the elastic modulus, toughness, and steel-concrete bond were increased in silica-fume concrete.
Previous researchers (Liu 2010) showed that self-compacting concrete with up to 80% cement replaced by fly ash was possible. They recommended that ash can have negative effects on consistence retention and hardened concrete such as strength. Other researchers (Dhir et al. 1984) proposed that pulverised fuel ash concrete can achieve comparable strength to ordinary concrete at earlier ages, with much higher strengths at later ages.
In addition, previous tests (Lam et al. 1998) proposed that fly ash substantially can improve the postpeak compressive behaviour of concrete. It was also found that low volumes of fly ash improved the tensile strength of concrete while high percentage of fly ash decreased the tensile strength. They also reported that a small amount of silica fume had a large positive effect on the cylinder compressive strength and tensile strength but less on the cube compressive strength, while the fracture behaviour was brittle.
Previous experimental program (Alzaed 2014) was conducted for 144 standard cubes and cylinders using 0%, 10%, 20% and 30% of iron filing in concrete mix. The study showed that concrete compressive strength increased gradually with the increment of iron filing while the tensile strength did not change significantly with the increment of the filling. Other researchers (Noori et al. 2018) conducted tests to investigate iron waste effect on concrete.. Iron waste was used in different D r a f t 5 percentages (6%, 12%, 18%, 24%, and 30%) as sand replacement. The test showed that 12% of iron waste was more efficient than the other percentages in both compressive and flexural strength while increasing iron waste to more than 12% decreased the strength of concrete. 
Experimental Program

Test objectives
The aim of this project is to better understand the seismic performance of unconfined beam-column connection using composite concrete materials. Cement in concrete mix is partially replaced by 
Materials and Methods
Cement in concrete mix is partially replaced by different waste materials with different percentages.
These materials such as fly ash, silica fume, fuel ash, rice husk, iron filing can enhance the properties of concrete depending on their percentages. Pulverized fuel ash, silica fume and iron filing are used in D r a f t 6 this project as cement partial replacement. The cement replacement percentages adopted in this research for each material are 15% and 20%. Plane and recycled concrete mixing ratios are given in Table 1 . Pulverized fuel ash is a by-product of pulverized fuel (normally coal) resulting from fired power stations. The fuel is pulverized into a fine powder, mixed with heated air and burned. It is composed of fine particles that are driven out of the boiler with the fuel gases.
Silica Fume is an ultrafine powder collected as a by-product of the silicon and ferrosilicon alloy production. The main field of application is as pozzolanic material for high performance concrete.
Iron Filings are mostly a by-product of the grinding, filing, or milling of finished iron products, so their history largely tracks the development of iron. For the most part, they have been a waste product.
Material Properties
Chemical composition of the implemented waste materials is shown in Table 2 . Table 3 summarises the properties of the adopted waste materials. Waste materials, including pulverised fuel ash, silica fume and iron filling, are used as partial replacements of cement in concrete mixes in two different percentages 15 % and 20%. 
Specimen Details
Eight 1/3-scale unconfined interior beam-column sub-assemblages are tested under cyclic loadings.
The details of the test specimens are shown in Figure 2 . The control specimens P-1 and P-2 are designed to promote joint shear failure at which failure should happen at joint while the longitudinal reinforcement in beams and columns should remain elastic. Cement, in concrete mixes, is partially replaced by 15% and 20% of silica fume in specimens S-15 and S-20 respectively. Specimens A-15, A-20, I-15 and I-20 contain 15% and 20% of pulverised fuel ash and iron fillings respectively as D r a f t 7 partial replacements of cement in concrete mixes. The cylinder compressive and tensile strengths for all specimens are given in Table 4 and Table 5 respectively where the strength is taken as the average of two specimens for each concrete mix. The average longitudinal and transverse reinforcement yield strengths are 420 MPa and 280 MPa, respectively. Curing time is 120 days. The specimens are instrumented to measure global response, applied loads, joint shear strains as shown in Figure 3 . The constraints of specimens and the applied lateral load pattern are illustrated in Figure 4 . 
Test setup
The test setup consists of lateral loading system, and lateral restraint system as shown in Figure 3 and Figure 4 . Column is pinned from the bottom end only while the ends of the beams are pin connected allowing horizontal translation from one end only as shown in Figure 3 . A hydraulic actuator is connected to the top of the column to apply lateral load by means of a loading collar. A quasi-static cyclic load is applied at the column top and measured using a load cell which is located between the hydraulic actuator and the loading collar. The actuator is pinned at the end to allow rotation during the test. Lateral loads are applied as force-controlled steps beginning at ± 5 kN load followed by load increments of 5 kN at each cycle up to a maximum load of 55kN at cycle 11 as shown in Figure 4 .
The load application speed is 2kN/min. Two high-accuracy strain gauge displacement sensors, which implemented to measure joint shear strain, are fixed at the joint face along its diagonals, as shown in Figure 5 . Strain gauge length is 2 mm which is very small. This can reduce the chance of crossing stain gauges by cracks. Furthermore, the experimental program compares between the behaviors of test specimens that are made from different composite concrete materials and tested under the same level of loading. Experimental strains are recorded until cycle 11 (±55kN), although the specimens can sustain greater lateral loads. Thus, joint D r a f t 8 panel has not been damaged significantly reducing the chance of crossing strain gauges by cracks. Therefore, strain gauges are able to measure joint deformation until cycle 11 without any interruption. : Beam tensile force.
: Column shear force.
A simplified way to calculate the joint shear force , based on the joint geometry and the lateral force , is adopted in this paper. 
Joint shear strain
Joint shear strains are monitored at the joint diagonals using two strain gauges as depicted in blue color in Figure 6 . A simplified procedure is adopted for calculating the joint shear strain using The control specimens P-1 and P-2 are designed to promote joint shear failure at which failure has happened at joint while the longitudinal reinforcement in beams and columns remained elastic.
Furthermore, joint shear failure has occurred in all other specimens made with recycled concrete.
Joint deformation mainly consists of diagonal joint shear strains and other strains that occur at column-joint face and beam-joint face. Strains at column-joint face and beam-joint face are very small compared to the diagonal joint shear strains because all tested specimens have failed due to joint shear without any hinges developed at joint edges. Therefore, the two strain gauges that located at the center of the joint can give reasonable prediction of joint deformation because failure has mainly occurred due to joint shear.
Test results and discussion
A maximum lateral load of ±55 kN is applied to all specimens in order to compare the culminated damage under the same applied lateral loading. The lateral loading, which composed of 11 cycles, is applied at the column top of all specimens as shown in Figure 4 . The behavior of test specimens is investigated in this section and the hysteresis response of the joint, which defined in terms of joint shear stress and strain, is illustrated. Strain values that used to plot joint response are correlated to the diagonal that has the maximum absolute strain and calculated using Equation 5.
Control specimens P-1 and P-2
Cylinder concrete compressive strength of the control specimens is 15 MPa. Specimens P-1 and P-2 are tested under maximum lateral loads of ±55 kN (until cycle-11). Both specimens have experienced major diagonal shear cracks in their joint panels and some other shear cracks in their columns.
The maximum experimental joint shear stress is 7.3 MPa and the maximum joint shear strain is 0.002 rad for both specimens. The pinched hysteresis loops due to joint inclined cracking are evident. The predicted ultimate joint shear stress according to ACI 352-02 (ACI 352 2002) is 6.5 MPa which is slightly less than the maximum experimental joint shear stress. The experimental stress is recorded until cycle 11, although the specimens can sustain greater lateral loads, because the experimental program compares between the behaviors of test specimens that casted from different composite concrete materials and tested under the same level of loading. Figure 7 (a) and (b) illustrate the joint hysteresis response of the control specimens P-1 and P-2 respectively. Figure 8 (a) and (b) show the level of damage occurred in specimens P-1 and P-2 respectively until cycle 11 and clarify their crack patterns.
Specimen S-15
Cement in specimen 15 is partially replaced by 15% of silica fume. The cylinder compressive strength of the silica fume-concrete is 24 MPa which is greater than that measured in the plain concrete (15MPa). This specimen has experienced minor diagonal shear cracks in the joint core at a maximum lateral load of ±55 kN. The maximum experimental joint shear stress is 7.3 MPa and the maximum absolute strain for this specimen is 0.0028 rad. The predicted ultimate joint shear stress according to 
Specimen S-20
This specimen contains 20% of silica fume as partial replacement of cement in the concrete mix. The cylinder compressive strength of this material is 17 MPa. Lateral cyclic loads of ±55 kN are applied at the top of the column. The damage occurred in this specimen is quite different than other specimens.
The addition of the 20% silica fume has reduced the ductility of the specimen significantly compared to the control specimen where the maximum measured absolute strain is 0.0007 which is relatively small. Furthermore, the specimen is significantly damaged inducing diagonal shear cracks in the joint panel, minor shear cracks in the column, and column hinge at the upper part of the joint as shown in D r a f t 
Specimen A-15
The cement in concrete mix of this specimen is partially replaced by 15% fuel ash. The cylinder compressive strength of the concrete-fuel ash is 31 MPa which is the highest compressive strength compared to all other test specimens. Furthermore, the maximum cumulative absolute strain of this specimen is relatively high and equals to 0.0048 which means that the addition of 15% pulverized fuel ash has increased the ductility of the specimen. The specimen has experienced large deformation under ±55 kN lateral loads (cycle 11). The joint hysteresis response is characterized by stiffness degradation in the positive side as shown in Figure 7 (e). The predicted ultimate joint shear stress according to ACI 352-02 (ACI 352 2002) is 9.3 MPa which is greater than the experimental joint shear stress at cycle 11. This means that the specimen can sustain greater lateral loads and its experimental joint shear strength at failure can be greater than that measured at cycle 11. Minor joint shear cracks and column shear cracks have appeared in this specimen due to the applied lateral loads as shown in Figure 8 (e). This sub-assemblage is relatively strong and it is slightly damaged.
Specimen A-20
The percentage of the fuel ash in this specimen is increased to 20% as cement partial replacement in the concrete mix. Fuel-Ash concrete (20%) has a cylinder compressive strength of 22 MPa which is less than that measured in the 15% fuel ash. This specimen is ductile and has experienced large deformation with a maximum absolute joint shear strain of 0.004 under ±55 kN lateral loads (cycle 11). The joint hysteresis response is shown in Figure 7 
Specimen I-15
In this specimen 15% of the cement in the concrete mix is replaced by iron fillings at which the compressive strength of the composite concrete material is 20 MPa. The specimen is tested under ±55 kN lateral column loads (cycle 11). The joint hysteresis response is illustrated in Figure 7 (g) with maximum experimental joint shear stress of 7.33 MPa and a maximum absolute joint shear strain of 0.0014. The addition of the 15% iron fillings has reduced the ductility of the specimen compared to the control specimen where the maximum absolute strain of the control specimen is 0.002. Figure 7 (g) shows that the predicted ultimate joint shear stress according to ACI 352-02 (ACI 352 2002), which is 7.9 MPa, is very close to the experimental joint shear stress at cycle 11. The specimen has experienced minor joint shear cracks and column shear cracks and it can still sustain higher lateral loads as shown in Figure 8 (g).
Specimen I-20
The cylinder compressive strength of concrete with 20% iron fillings, as partial replacement of cement, is 14 MPa. This specimen which has low concrete compressive strength is significantly damaged and experienced major joint shear cracks and minor column shear cracks under ±55 kN lateral column loads (cycle 11) as shown in Figure 8 which is slightly less than the experimental joint shear stress at cycle 11 (7.3 MPa). 
Effect of Materials
The experimental program is conducted to better understand the seismic performance of unconfined beam-column connection using composite concrete materials where cement is partially replaced by different waste materials using two different percentages 15% and 20%. Cement partial replacement with different waste materials has changed the cylinder compressive strength of concrete.
Furthermore, it has significant effect on the ductility, level of damage and type of failure of test specimens.
Cylinder concrete compressive strength
Regardless the type of the implemented waste material ( silica fume, pulverized fuel ash and iron fillings), the cylinder compressive strength of concrete with 15% waste material, used as cement partial replacement, is greater than that measured with 20% waste materials. Furthermore, the cylinder compressive strength of concrete with 15% pulverized fuel ash is the highest and that with 20% iron fillings is the lowest.
Normalised joint shear stress
All specimens are tested under the same lateral loads of ±55, although the specimens can still sustain greater lateral loads, because the experimental program compares between the behaviors of test specimens that casted from different composite concrete materials and tested under the same lateral loads. Furthermore, all test specimens will be rehabilitated and tested under full loads in future work.
The normalized joint shear stress can give best indication for joint response because the compressive strength of test specimens varies based on the type and percentage of the implemented waste material. Figure 9 illustrates the joint hysteresis response of all test specimens defined in terms of normalized joint shear stress and joint shear strain. The normalized joint shear stress of the control specimen, which is almost 2, is the greatest value compared to all test specimens while the normalized joint stress of specimen A-15 is 1.3 and is the least. This means that the control specimen is damaged and stressed significantly inside the joint panel while specimen A-15 is not under the same applied later D r a f t 15 loads. Control specimen is significantly damaged under the applied lateral loads but A-15 can still sustain higher loads and is not significantly damaged. Therefore, the normalized joint shear stress of the control beam illustrated in Figure 9 (a and b) is greater than the predicted normalized ultimate stress while that in specimen A-15 is less than the predicted and hence specimen A-15 can still sustain greater lateral loads.
Ductility
Ductility is an important factor for any structural element under seismic loads. Joint shear strains provide an approximate prediction of joint ductility where beam-column connections that fail under low shear strains are less ductile than those that fail under high joint shear strains.
Cement partial replacement with waste material has significant influence on the shear strains of beamcolumn connection tested under cyclic loading. Specimen A-15 which contains 15% pulverized fuel ash has experienced a maximum absolute strain of 0.0048 under ±55 lateral loads which is the highest value compared to all test specimens. By contrast, joint shear strain of specimen S-20 that contains 20% silica fume is the lowest (0.00078). Joint shear strain of the control specimen is 0.002.
Pulverized fuel ash concrete has increased the ductility of the joint while 20% of silica-fume concrete has decreased its ductility. Joint shear strains of all test specimens are listed in Table 6 . Joint shear strains of specimen S-20 and specimen I-15 are less than that measured in the control specimen indicating that the ductility of specimen S-20 and I-15 is less than that found in control specimen. This has happened due to the variation in material properties of the specimens. The ultimate cylindrical compressive strains of specimen P-1, S-20 and I-15 are 0.016, 0.008 and 0.012 respectively and the ultimate cylindrical tensile strains of the same specimens are 0.00165, 0.00081 and 0.00123 respectively as shown in Table 4 and Table 5 . The cylindrical compressive and tensile strains of all other specimens are greater than that measured in the control specimen as shown in Table 4 and Table 5 . This explains the reduction in the ductility measured in specimen I-15 and S-20.
Level of damage
Specimens with low concrete compressive strength such as P-1 ,P-2 ,I-20 and S-20 are significantly damaged under the ±55 imposed lateral loads while other specimens (A-15, A-20, I-15 and S-15) are stronger and have experienced minor shear cracks with small crack width. Specimen A-15, which has 15 % pulverised fuel ash as cement partial replacement and has the highest concrete compressive strength, is the strongest specimen and the least damaged one. Figure 10 illustrates the level of damage in each specimen where the red colour depicts cracks that appear in pulling cycles and the blue colour depicts cracks that appeared in pushing cycle. Pushing and pulling directions are shown in Figure 4 . The symbols shown on the joints' images in Figure 10 denote the cycle number followed by the magnitude of lateral load at which the crack appeared. ie 'C-1, 24'means cycle number 1 where crack appeared at a lateral load of 24 kN. Joints Cracks pattern shown in Figure 10 are depicted at the front face of the joint while the strain gauges instrumented at the rare face. 
Conclusions
A series of cyclic tests on unconfined beam-column connections with different concrete mixes are conducted in this research. Cement in concrete mixes is partially replaced by different waste materials (Pulverized fuel ash, silica fume and iron fillings) using two different percentages 15% and 20%.
Based on the experimental study, the following points are observed:
1. Cement partial replacement with different waste materials has changed the cylinder compressive strength of concrete. Furthermore, it has significant effect on the ductility, level of damage and type of failure of test specimens. 4. The normalized joint shear stress of the control specimen is the highest compared to all test specimens while the normalized joint stress of specimen A-15 is the lowest. This means that the control specimen is damaged and stressed significantly inside the joint panel while specimen A-15 is not under the same applied later loads.
5. The maximum ultimate joint shear strain of specimen A-15 is 0.0048 which is almost double that measured in the control specimen (0.002) while the maximum ultimate joint shear strain of specimen S-20 is 0.00078 which is less than half that measured in control specimen. This means that pulverized fuel ash concrete has increased the ductility of joint under seismic loading while the 20% of silica-fume concrete has decreased its ductility. 8. It is recommended using pulverized fuel ash in order to enhance the performance of beam-column connection under cyclic loading. The pulverized fuel ash-concrete increases the ductility of RC beam column-connection and reduces its damage level and crack width which means that the specimen can still sustain higher lateral loads.
9. Silica fume and iron filling are also recommended and can enhance the joint behavior under cyclic loading but the enhancement is most remarkable when using 15% of pulverized fuel ash.
10. The level of damage, joint shear strain and mode of failure are significantly influenced by the type and percentage of the implemented waste material.
11. It is recommended to recycle some waste materials such as pulverized fuel ash, silica fume and iron fillings in concrete mix to reduce environmental pollution and to enhance concrete mixes. 
